Abstract. As a result of climate change, a significant increase in population at global level and consequently of food needs, the soil is continuously subjected to the risk of degradation. One type of soil degradation is the artificial compaction, which is recognized by the European Union as a major problem for the environment and agriculture. Occurring as a result of the development of mechanized agriculture that involves the use of heavy machinery for agricultural works, often performed on soils with high moisture, compaction can reduce the agricultural production by up to 60 %. In Romania, artificial compaction affects about 6.5 million hectares of arable soil, and natural compaction is found on about 2 million hectares. Compaction is influenced by the factors such as the soil moisture, soil type, external load, tire inflation pressure, shape of the contact area between soil and tire, number of passes on the soil. The paper presents the results of experimental research conducted in the laboratory, which aimed to determine the distribution of stresses in the soil for various conditions. Wheels of two agricultural machines were tested at three inflation pressures: 100, 150 and 200 kPa. The compressive force on the wheel was applied by means of a 10 kN cylinder from the Hydropuls installation for testing in simulated and accelerated regime. The FlexiForce Tekscan force sensors have been mounted in the container at eight soil depths: 5, 10, 15, 20, 30, 35, 40 and 45 cm. Diagrams showing the variation of pressure in the soil at the tested depths were obtained for the applied force, showing that the pressure applied on the soil has uneven variation to a depth of 30-35 cm, and then follows a downward curve with increasing depth.
Introduction
Soil degradation, an actual threat in terms of sustainability, is defined as "the current and/or future reduction in its capacity to perform ecosystem functions and services (including those of agroecosystems and urban systems) that support society and development" [1] . A widespread form of soil degradation is compaction, emerged as a consequence of the enhancement of mechanized agriculture that uses heavier machinery, which affects both the environment and agriculture. All farming operations, including seedbed preparation, fertilizer and chemical applications, harvesting and transport increase the risk of degradation of agricultural soil by artificial compaction.
Soil compaction is reduction of the soil volume and increase of the bulk density, mainly produced by the compressive loads (or wheel loads) applied on the soil surface by agricultural machinery [2] . It has been estimated that nearly 4 % of soil throughout Europe suffers from compaction, but no recent and precise data are available. More than a third of the soils in Europe are highly susceptible to compaction in the subsurface layers. In Central and Eastern Europe, 25 million hectares are lightly compacted and 36 million hectares are severely compacted [3] .
Footprint is "the portion of the wheel that comes in contact with a supporting surface" [4] or the interface through which the forces applied by agricultural machinery on soil surface are transmitted into soil depth. Due to these forces, the agricultural soil becomes compacted and its functions and quality are altered. Compaction does not affect only the energy consumption for agricultural works, but also the development and growth of crops, food sustainability and the economic stability of farmers.
Due to the large contact area of the tire with deformable soil, the pressure on the soil is lower than when the tire is running on a hard surface. However, the pressure on the soil sometimes exceeds the permissible limit for protecting the soil structure. The requirement is that the pressure applied by the tire on the soil should not exceed 10 N·cm -2 for field works and 30 -35 N·cm -2 for transport on field roads. Experimental data show that, in general, the minimum limit of 10 N·cm -2 is respected by the drive wheels of tractors with large diameter tires, for which the soil pressure is around 10 N·cm -2 , but is overtaken by the front (steering) wheels, for which the soil pressure is around 20 N·cm -2 . For transport trailers, the pressure on the soil often exceeds the limit pressure of 35 N·cm -2 . To avoid soil DOI: 10.22616/ERDev2018.17.N406 compaction, with all its negative consequences, it is necessary to apply some measures in the operation of tires to reduce their pressure on the soil, knowing that it depends on: tire (wheel) load, tire inflation pressure, tire dimensions and tread pattern, tire rigidity, etc [5] . Distribution of pressure into soil depth is influenced by the factors such as: contact area between tire and soil, wheel load, tire inflation pressure, soil moisture and tire design. According to [6] , the vertical pressure down to 1 m depth depends both on the soil contact pressure and wheel load. Tire inflation pressure is one of the most important factors influencing compaction under tires [7] because it modifies the contact area and contact pressure at soil-tire interface for a given load [8] .
During agricultural works, if higher tire inflation pressure is used, smaller footprint area is formed, soil deformation increases and the pressure is distributed deeper into the soil (in this case, deep loosening is needed to alleviate the compaction). Using lower tire inflation pressure, tire deformation increases, footprint area increases, contact pressure decreases, soil deformations are smaller and the pressure is transmitted to shallower depths [9] . Also, the benefits of lower inflation pressures might include increased tire performance, decreased soil compaction and smoother ride [10] .
The distribution of compaction with soil depth is also important in the design of agricultural machinery and equipment. Since the forces applied by these machines to the soil are very difficult to estimate directly, in many studies empirical methods are used instead: various machines operate on the soil, after which the compaction, which is usually indicated by changes in the soil bulk density and in penetration resistance, is measured. Although compacted soils are found in most regions of the world, the negative economic impact of artificial compaction is obviously most severe in countries most dependent on agriculture for their incomes [11] . Knowing soil behaviour under the wheels of agricultural machinery is very important especially for farmers, because optimization of soil pressure is a useful method to minimize the negative effects of topsoil compaction (to a depth of 300 mm) and subsoil compaction (below 300 mm). Hence, worldwide, researches and the efforts in technology transfer have increased the awareness on soil compaction.
The aim of this study was mainly to simulate the distribution of pressure with soil depth, under the wheels of a tractor and a harvester, if they would operate with different tire inflation pressures on agricultural soil, and thus to identify the depth, at which the artificial compaction would be more pronounced. In this research, discussions are restricted to distributions that occur in a plane perpendicular to the surface of the soil on which the machine operates.
Materials and methods
Experimental research to determine the pressure at different soil depths was conducted in laboratory conditions, using a complex testing system that works in simulated and accelerated regime, Hydropuls type (Fig. 1) , which can simulate the static pressure at compression of the tires on the soil (stationary machinery). A container made of reinforced sheet with thickness of 3 mm was filled with soil ( Fig. 2) . (Fig. 3) with the maximum domain of 10 N / 50.24 mm 2 and the diameter of contact button of 0.8 cm were mounted in the container at depths of 5, 10, 15, 20, 30, 35, 40 and 45 cm. The connection between the laptop and force measurement sensors was achieved through an adaptation module, formed by amplifiers and analog-to-digital converter, coupled to a serial interface 4RS232 to coupling view (USB), an adaptation module (acquisition system) and laptop. (Fig. 4) were used to simulate the static compression pressure of the wheels on the soil for two following agricultural machines:.
• Rear wheel of maize harvester (tire 7.5-20, 8PR D-191).
• Front (steering) wheel of 40 kW New Holland tractor (tire 18.4-26, 8PR D-165R3). For the tested wheels, the tire inflation pressure was varied to 100, 150 and 200 kPa. The footprints between the tire and soil (at the soil surface) were recorded on indigo paper (Fig. 5) and their contour was measured to determine the contact area.
Results and discussion
The pressure exerted on the soil was determined at the 8 depths, at which the force sensors were applied to the soil, on the direction of action of the compressing force. For each wheel, at each tire inflation pressure, three replication tests were made and the average values are presented next.
The size of the contact area at the soil surface was recorded using indigo paper. For depths between 5-45 cm, size of contact area reffers to the surface of FlexiForce sensor in contact with the soil, which was computed as: S = π ⋅ R 2 = 3.14⋅ 0.16 = 0.5024 cm 2 .
Rear wheel of the maize harvester
To simulate the pressure exerted by the rear wheel of the maize harvester, for each tire inflation pressure, a compressive force was progressively applied to the wheel by a hydraulic cylinder until it reached the value determined in real conditions (by weighing the maize harvested and determining the distribution on the axles and on the wheels), at which time the forces were measured at each of the 8 depths using the force sensors.
Thus, at the tire inflation pressure of 100 kPa, the duration of load was 35 seconds, until the compressive force of 3583 N was reached; at the tire inflation pressures of 150 kPa and 200 kPa, the duration of load was 34.6 seconds, until the compressive forces of 3686 N and 3560 N were reached. Figure 6 shows the variation of pressure recorded by the FlexiForce sensors, depending on the soil depth. It can be noticed that regardless the tire inflation pressure, the pressure exerted on the soil tends to decrease as the depth decreases to a depth of 10 cm, then an increase was recorded to a depth of 15 cm, and below this depth the pressure follows a downward curve up to a depth of 35 cm. At 40 cm, for 150 kPa and 200 kPa occurs a slight increase of the soil pressure and at 100 kPa the pressure decreases. 
Front wheel of the 40 kW New Holland tractor
To simulate the pressure exerted by the front wheel of the 40 kW Hew Holland tractor, the same procedure was followed as in the case of the maize harvester. At the tire inflation pressure of 100 kPa, the duration of load was 37.8 seconds, until the compressive force of 5749 N was reached; at the tire inflation pressure of 150 kPa, the duration of load was 28 seconds, until the compressive force of 5575 N was reached, respectively at the tire inflation pressure of 200 kPa, the duration of load was 38.3 seconds, until the compressive force of 5658 N was reached. The variation of pressure with the soil depth under the front wheel of the 40 kW New Holland tractor is given in Figure 7 . It can be seen that for the three tire inflation pressures, the variation curves follow a similar trend. The pressure exerted on the soil tends to decrease as the depth increases to 10 cm, and then rises to a depth of 15 cm, after which it follows a sharp downward curve to a depth of 30 cm, and then there is a slight increase at the maximum tested depth of 45 cm. Tables 1 and 2 , regardless the tire inflation pressure, the highest value of pressure in the soil is recorded at 15 cm deep. We can assume that, while operating on an agricultural field under the tested conditions, both the maize harvester and the tractor would mostly compact the topsoil. Experimental results show a general trend of pressure decrease on the depth between 15 -30 cm. Higher pressures are then located at 30 cm deep, and then they tend to increase in the subsoil at depths between 35-45 cm. This variation trends show that a layer of soil, similar to the hardpan in agricultural fields, is concentrated at a depth of 30 cm and its presence can be due to repeated loadings applied on the soil during the tests.
Similar trends of pressure distribution in the soil are presented in [12] , where under the front wheel of the C110H harvester for 10 kN compressive force, it was found that the soil pressure at 0-35 cm has uneven variation, and then follows a descending curve with the increase of the depth to 75 cm. Under the rear wheel of the tractor U445 at 4.82 kN, the pressure exerted on the soil had at first uneven distribution, with a decrease at 5 cm, increased slightly at 15 cm, decreased at 25 cm, and then increased at 35 cm, and then decreased between 55-75 cm.
However, literature studies [13] show that topsoil compaction could have a significant effect on the crop yield and it could manifest for years, but its negative effects could be alleviated by tillage, drying-wetting and freeze-thaw cycles, and by the action of soil biota. According to [13] subsoil compaction (occurring below 30 cm depth) should particularly be avoided during agricultural works, because it is persistent and the compacted layer cannot be removed by conventional tillage. In the studies [13; 14] it was found that compaction was more obvious in the topsoil at a depth of about 100 mm and it was greatly influenced by the contact area and contact pressure.
Conclusions

1.
In the operation of tires it is necessary to apply measures to reduce their pressure on the soil, knowing that this parameter depends on the wheel load, tire inflation pressure, tire size and tire stiffness, the duration of load and soil conditions. 2. Under the wheels of the tested agricultural machinery, the pressure has uneven distribution with the soil depth. Regardless the type of machinery, wheel load and tire inflation pressure, maximum pressure was recorded in the topsoil at 15 cm depth. 3. Then the pressure followed a downward curve up to 30 cm in case of the tractor and 35 cm under the wheel of the maize harvester, followed by a slight increase to a depth of 45 cm. 4. While operating in the field with the tested machines and under the specified conditions, we can assume that the topsoil would be compacted to a depth of 15 cm and that after multiple passages (assimilated to multiple loadings in tests) of agricultural machinery on the same surface of soil, a dense layer of soil would occur at 30 cm deep.
